This study examined whether or not exposure to 4-nonylphenol (NP) during late gestation affects reproductive and mammary development in the offspring of female rats. Time pregnant Long Evans rats were gavaged with NP (10 or 100 mg/kg), atrazine (ATR, 100 mg/kg), or corn oil on gestation days 15-19. The uterus weights of the NP (100 mg/kg/d)-exposed pups were higher than those of the controls but the weights of the other organs were unchanged. Delayed mammary gland (MG) development was detected in the ATR pups on PND 4 and persisted through to PND 66. The high dose NP pups had advanced lobular development of their MG on PND 22, while the glands from the low dose NP pups were no different morphologically from the controls. Immunohistochemical comparisons of the mammary sections from PND 41 demonstrated low levels of estrogen receptor (ER) staining in the control gland stroma and epithelium but higher levels in the tissue of the pups exposed to NP and ATR. ATR also elevated ER in the stroma surrounding the epithelial layer of the terminal end buds. The level of progesterone receptor (PR) staining was markedly lower in the epithelium of the 100 mg/kg NP glands vs. the control glands. However, PR was present at high levels in the epithelium of the 10 mg/kg NP glands and was even more prominent in the ATRexposed ductal epithelium and fat cell nuclei. The level of prolactin staining was only elevated in glands containing lobule areas (NP-exposed) compared with the control levels. These results suggest that NP and ATR have opposite effects on the development of MG after gestational exposure. Exposure to them during the critical period of epithelial outgrowth altered the receptor levels of mammary progesterone and prolactin and might contribute to the differences in the mammary morphology at PND 41.
. NP functions as an activator and cell proliferator in the mammary gland (MG) through an estrogen receptor-mediated mechanism [13] . Colerangle and Roy [13] reported that doses of 0.073 and 53.2 mg/kg/day NP for 11 days via scimplanted minipumps caused a marked increase in the proliferation of MG cells in young Noble rats. These results suggest an approximate 600-fold higher sensitivity of MG compared with the uterus in rodents. However, these results were not reproduced in Odum's [14] study, which was carried out with the same protocol using the same concentration and strain and with an even a higher concentration and different strain. In addition, they also found that when NP (100 mg/kg) was administered orally to pubertal rats (4-5 weeks) for 11 days, there was a higher number of type I lobules (containing up to 11 alveolar buds) and a lower number of terminal end buds (TEBs) in the peripheral region. This suggests that a high dose NP (100 mg/kg) can alter normal mammary gland differentiation in pubertal rats.
Atrazine (2-chloro-4-ethylamino-6-isopropylamino-S-triazine; ATR) is a widely used herbicide applied to a variety of crops to control broadleaf and grassy weeds. Previous studies have shown that ATR has adverse effects on the reproductive system [15, 16] and endocrine-regulated endpoints in rats [17, 18] . ATR resulted in a delayed MG development in female offspring rats exposed in utero [19, 20] , an earlier onset of mammary tumors in Sprague-Dawley rats following long-term oral exposure [21, 22] . Based on these results, this study use d ATR as refere nce for com paring th e development of MGs.
Generally, exposure to hormonally active toxicants during sexual differentiation can produce adverse effect in the reproductive organs of humans and wildlife. Several studies have d e m o n s t r a t e d t h a t i n u t e r o e x p o s u r e t o environmental estrogens might produce the greatest estrogenic effects in human and rodent males [23, 24] . Late pregnancy and puberty are critical periods of mammary development that can be altered by hormones, growth factors [25] , and environmental agents [26] . There have been few studies of the effects of in utero NP exposure on MG development in rats. This study examined whether or not in utero NP exposure can induce changes in MG and reproductive development in female offspring. In addition, the relationships between mamm ary development and expression of hormone receptors, such as estrogen receptor (ER), progesterone receptor (PR), and prolactin receptor (PRLR), were investigated using immunohistochemical staining.
Materials and Methods

Chemicals
The chemicals used in this study were obtained from the following sources. NP (a mixture of branched side chains containing 85% p-isomer) was purchased from Fluka Chemical (Ronkonkoma, NY, USA) and ATR (97.1% purity) was a gift from Norvatis Crop Protection (Seoul, Korea). The monoclonal antibodies for ER and PR were obtained from Immunotech (Seoul, Korea), and the monoclonal anti-PRLR was purchased from ABR Affinity BioReagents (Golden, Fort Collins, CO, USA). The normal horse and mouse sera were supplied by Jackson ImmunoResearch Laboratories (West Grove, PA, USA.)
Animals and treatment
Ten-day timed pregnant Long Evans rats were purchased from Charles Rivers Laboratories (Raleigh, NC, USA) and maintained under controlled temperature (20-24 C), humidity (40-50%), and light (14 h light/10 h dark) conditions. The animals were housed one per cage and given food (Purina Rat Chow 5001) and water ad libitum. The dams were assigned to the treatment groups based on their body weights on gestation day (GD) 15 such that all treatments groups had similar body weights (n=7-8/treatment group). The dosing solutions for NP were prepared in corn oil at concentrations of 2 and 20 mg/ml and were used at a dosing volume of 5 ml/kg body weight. ATR was prepared as a suspension in 1% methylcellulose (MC) in distilled water. The pregnant dams were administered the vehicle (corn oil), NP (10 and 100 mg/kg/day), or ATR (100 mg/kg/day) by oral gavage from GD 15 to 19. The NP and ATR doses were chosen due to the consistent reproductive endpoint effects reported by Laws et al. [11, 17] . All the dams were observed at least once daily for mortality, morbidity, any signs of injury, their general appearance, and signs of toxicity. Individual body weights were measured daily during the administration period. Total weight gain during pregnancy w a s c a lcu la t e d b y subtracting the body weight on GD 15 from that on GD 19. The dams were allowed to deliver their pups naturally on GD 21. On postnatal day (PND) 4 (day of birth counted as day 1), all litters were randomly culled to 10 pups, with at least 6 females per litter in order to enable similar nutritional exposure to the test material for all pups. On the day of weaning (PND 22), the female offspring were separated from the males and housed 3-4 per cage. The dams and male pups were sacrificed, and the pups were necropsied.
Necropsy
The reproductive organs (ovary, uterus, and vagina) and pituitary weights of the female offspring rats were measured on PND 41. All the rats were decapitated, and their blood was collected into EDTA-treated tubes. The blood was centrifuged at 3,000 rpm and 4 C for 10 min, and the supernatant was separated from the clot and stored at -80 C prior to use. The uterus and ovaries of each rat were dissected and trimmed free of any adhering fascia and fat without any loss of luminal contents. The vagina was removed from the uterus at the level of the uterine cervix and weighed. The left mammary pad containing the fourth and fifth gland was dissected and used for immunohistochemical staining. The right mammary was processed for whole mount analysis.
Mammary whole mounts
The mammary whole mounts were prepared from the fourth and fifth glands, as described previously [43] , on PND 4, 22, 33, 41, and 66. The glands were dissected and spread on glass slides, fixed in Carnoy's solution (ethanol:chloroform: glacial acetic acid, 6:3:1, v/v) overnight (14-18 h), rehydrated in 70% ethanol (15 min), rinsed in water (5 min), and stained in carmine alum (0.2% carmine and 0.5% aluminum potassium sulfate) overnight (14-18 h) at room temperature. The stained glands were progressively dehydrated in ethanol (70-100%) in 3 steps (15 min/step), cleared in xylene, and permanently mounted. The whole mounts were vis ualized/photographe d by optical microscopy (20×) linked to an image analysis system (Image ProPlus, Seoul, Korea) to observe the scale of the mammary tree, epithelial growth, number of TEBs, and density of the alveolar buds (ABs). Two people who were blinded to the identity of the treatment group evaluated all the whole mounts, and the average result was reported. The degree of MG development was evaluated using the following morphological criteria: 1) the number of the primary branches and the size of the ductal tree occupied the mammary fat pad on PND 4; 2) the growth (migration to lymph node) extending from the nipple to the peripheral region on PND 22; 3) the degree of TEB development on PND 33, which was measured as the shortest distance in millimeters between two glands (4 t h and 5 t h ); and 4) the ductal sidebranching and density of ABs on and after PND 41. A well-developed gland was defined as a structure with a large mammary tree, a few TEBs/terminal ducts (TD), generous side-branching, and a high density of ABs through out the gland. TEBs are composed of 3-6 layers of closely packed mammary epithelial cells and show a rounded appearance at the end of the duct. TDs have a smaller diameter and are surrounded by a layer only 1-2 cells thick. Lobules are a group of alveoli branched from the main duct. ABs generally consist of 3-5 blind ductules in a cluster [27, 28] . In this study, no attempt was made to distinguish between ABs and lobules.
Immunohistochemistry
Unstained slides were deparaffinized in xylene for 3 min followed by rehydration in a graded series of alcohol (100 and 95%) for 3 min to automation buffer (pH 7.5) (Biomeda, Temecula, CA, USA) containing 50 mM Tris, 150 mM NaCl, 0.02% nonionic detergent (Triton-X 100, NP-40, Tween-20 or BRIG 35) for 5 min. The endogenous peroxidase activity was blocked with 3% hydrogen peroxide followed by washing in automation buffer for 5 min. The slides were then placed in 0.01 M citrate buffer and heated in a decloaking chamber for 5 min. After cooling, the slides were washed with automation buffer and incubated with 0.1 ml of normal horse serum (diluted 50×) for 20 min in order to block the nonspecific binding. The primary monoclonal mouse-antibodies for ER, PR, and PRLR were diluted 1:50 in buffer, and 0.1 ml was applied to the slides, which were then incubated at room temperature for 1 h. The sections were washed with automation buffer for 5 min and then incubated with 0.1 ml of biotinylated goat anti-mouse secondary antibody (Dako, Glostrup, Denmark) (diluted 500×) for 30 min.
After washing with automation buffer for 5 min, 0.1 ml of ABC Elite complex [diluted 200× in 1×PBS containing 0.01% Tween 20 (pH 7.4); Deko] was applied to each section in the dark for 20 min. The slides were washed with automation buffer for 5 min and visualized using 3,3-diaminobenzidine tetrahydrochloride (DAB).
Radioimmunoassay
Blood was collected from all animals at sacrifice. Serum was prepared and kept frozen at -75 C until n e e d e d t o d e t e r m i n e t h e s e r u m h o r m o n e concentrations. The serum hormone (LH, FSH, TSH and prolactin) concentrations were measured as described previously [29] .
Statistics
For statistical analysis, the data was grouped by experiment, as indicated in the tables and figures. The body weights, organ weights, and hormone concentrations were evaluated by one-way analysis of variance (ANOVA). Significance was indicated by P<0.05.
Results
Body and reproductive tissue weights
A slight decrease in body weight was observed in the ATR dams when NP (10 and 100 mg/kg) and ATR (100 mg/kg) were administered to them by oral gavage during GD 15-19 ( Fig. 1 ). Although not statistically significant, the ATR-exposed dams weighed less than the controls. The weights of the NP-exposed dams were similar to those of the controls. The offspring of dams treated with NP and ATR during lactation were similar to those of the controls at PND 4. Furthermore, there was no difference in body weight among the groups at PND 22, 33, 41 (Table 1) , and 66 (not shown).
At the necropsy on PND 41, the female offspring exposed to 100 mg/kg NP showed significantly increased uterine weights. However, ATR The weights of the control and NP-and ATR-exposed pups were similar throughout growth. The data is presented as means ± SD. The data is presented as means ± SD (n=10).* Significantly different from the controls by Dunnett's test (P<0.05). exposure did not affect reproductive organ weights compared with the controls (Table 2) .
Mammary gland development
To evaluate the effects of NP and ATR following gestational exposure on MG development in the female offspring, whole mount analyses of fourth and fifth MGs were compared on PND 4, 22, 33 and 41 ( Fig. 2 and Table 3 ), and 66 (not shown). The m a j o r i t y o f M G d e v e l o p m e n t t a k e s p l a c e postnatally at the onset of puberty. Although very little growth of the MG gland is common at PND 4, 100 mg/kg NP induced strong branching of the primary duct to the secondary duct and good migration to lymph nodes, which are located in each of the fat pads [25] and are often used as a landmark when examining histological sections or whole mounts. TEBs are important sites of epithelial cell proliferation during puberty and are responsible for ductal elongation and branching. TEBs are apparent in rats after 2 weeks of age and reach their maximum number by 21-28 days of age [18] . On PND 22, there were no apparent differences in growth and development between the high dose NP glands and the controls. However, the mammary tissue of the low dose NPand ATR-exposed females contained fewer primary branches from the collecting duct and delayed migration of the epithelium to the lymph node. On PND 33, the high dose NP-exposed females showed more ABs and good differentiation of TEBs into ABs compared with the corn oiltreated controls, and these patterns of development and migration were detectable in the whole mounts. The ATR-induced delay and stunting of MG development was persistent throughout the experiment period. The sparse nature of branching and slowed epithelial migration through the fat pad were quite apparent.
Immunohistochemistry
MG consists of both epithelial and stromal tissues. MG morphogenesis and function is based on the ability of specific mammary cell types to respond to ovarian steroid hormones, estrogen and progesterone, and the pituitary hormone prolactin. With the onset of puberty at 4-to 5-week of age, the estrogen produced by the ovaries stimulated ductal elongation by increasing the level of epithelial and stromal cell proliferation in the end buds and surrounding stroma, respectively. The actions of the ovarian steroid hormones on ephithelial and stromal cells in the MG depend on the presence of their nuclear ER and progesterone receptors (PR) [30] . Immunohistochemical comparisons between the mammary or uterus sections were carried out using the appropriate antibodies for ER, PR, and PRLR expressed in a PND 41 MG and uterus ( Figs.  3 and 4) . Fig 3 shows a low level of ER in the stroma and epithelium of control glands and a higher level in the tissue of pups exposed to NP. ATR also increased the level of ER in the stroma surrounding the TEBs. PR was observed at high levels in the epithelium of 10 mg/kg NP glands and was even more prominent in the ATR-exposed ductal epithelium. However, PR staining was markedly lower in the epithelium of the 100 mg/kg NP glands compared with the control glands ( Fig.  3 ). Similar immunohistochemical staining patterns for the glands were observed in the ER and PR expressed in the uterus body epithelium (Fig. 4) . The color of the staining for PR detection with the appropriate antibody was lighter than that of the control uterine epithelium. The level of PRLR staining was higher than the control levels in only the NP-exposed mammary glands containing lobule areas. These qualitative evaluations show that NP and ATR have opposite effects on MG and uterus development after gestational exposure.
Hormone measurements
In this study, the serum hormone levels were measured in PND 41 female offspring exposed to NP in the late pregnant period on PND 41. The serum hormone concentrations were evaluated individually in all female rats regardless of the stage of the estrous cycle. There were significant decreases in the pituitary LH and TSH levels of the pups exposed to 100 mg/kg NP during the gestation period compared with the controls. However, there were no corresponding increases in the concentrations of these hormones in the serum (Fig. 5 ).
Discussion
The results of this study demonstrate that brief exposure to 100 mg/kg NP in late pregnancy can cause precocious MG development in female offspring. NP (100 mg/kg) produced strong branching of the primary duct into multiple Data are means ± SD, and values in parentheses are the numbers of animals analyzed. *Significantly different from the corn oil-treated controls (P<0.05).
Fig. 2.
Carmine-stained wholemount preparations of mammary gland from postnatal days (PND) 4, 22, 33 and 41. The fourth and fifth glands of female offspring exposed to nonylphenol (NP) or atrazine (ATR) were removed, fixed, and stained with carmine. ×20. Fig. 3 . Immunohistochemistry of representative sections from female offspring mammary glands (PND 41) in utero-exposed to nonylphenol (NP) or atrazine (ATR) for estrogen (ER), progesterone (RR) and prolactin receptor (PRLR). Diaminobenzidine-stained mammary epithelial and stromal cells were found in terminal end buds, ducts, and lobules in both the NP-and ATR-exposed and non-exposed control glands. ×25. Fig. 4 . Immunohistochemistry of representative sections of uterus obtained from female offspring (PND 41) exposed in utero to nonylphenol (NP) or atrazine (ATR) for estrogen (ER), progesterone (RR) and prolactin receptor (PRLR). Diaminobenzidine-stained epithelial and stromal cells were found in the uterus body in both the NP-and ATR-exposed and non-exposed control uterus. ×25. (Fig. 2 ). It should be noted that susceptibility to chemicals in rats is linked to differentiation of MG cells [27, [32] [33] [34] , and the terminal ductal structures of MG are sensitive to hormonal influence [35, 36] . In addition, an early estrogen treatment protects against carcinogeninduced MGs [35] [36] [37] [38] , and less proliferative lobules are less susceptible to the actions of carcinogens than TEBs [32] . This study suggests that NP may play a role in the cell proliferation of the MG, including the possibility that estrogen-like chemicals act as cancer promoters if given after a genotoxic carcinogen [39] . The estrogenic effect of NP in the MG does not appear to be the effect of residual NP remaining in body of the offspring. The aerobic first order biodegradation half-life of NP is 20 days in the O E C D 3 1 0 F m e t h o d f o r e v a l u a t i n g t h e biodegradability of a test substance by microorganism [40] , and primary biodegradation of nonylphenol ethoxylate to NP is relatively rapid [2] . Current research [41] confirms that single doses of NP (5 or 200 mg/kg) are rapidly excreted and that NP does not accumulate in the tissues of rats. It is not presumed that residual NP affects the reproductive organs and MG during the total period required for this experiment. Therefore, these results, demonstrating that the increased numbers of TEBs and early differentiation into the ABs observed after in utero NP exposure, suggest that the undeveloped rat mammary tissue is susceptible to NP. However, further study is required to determine the mechanism of action for NP in mammary development following prenatal exposure.
Steroid biological activity is mediated by binding to specific intracellular proteins known as steroid receptors [42] . NP can compete with estradiol for binding to the ER and demonstrate estrogen-like activity both in vivo and in vitro with potencies of approximately 10 -4 to 10 -7 relative to estradiol [44] [45] [46] [47] [48] . There are some reports showing PR expression by NP in MGs. Tran et al. [49] reported that NP functions as a dose-dependent antagonist of human PR (hPR) in yeast, and the inhibition of hPR activity by NP occurs at the level of the receptor, as indicated by competition binding assays in yeast. They also suggested that the estrogenic activity of some synthetic estrogens might be enhanced by functioning as inhibitors of hPR. Several other studies have also demonstrated that PR reduces ER-mediated transactivation [50, 51] . On the other hand, there are some reports showing that NP can induce PR expression and cellular proliferation in MCF-7 cells [44] , and PR expression can serve as a marker for both E2 and progesterone action during various physiological states in MGs [52] . Based on the above results, this study examined whether or not expression of ER, PR, or PRLR in the mammary epithelium or stroma is related to development of the MGs of female pups exposed to NP during pregnancy. As expected, immunohistochemical staining showed that in utero NP exposure increased expression of ER or PRLR in the epithelial and stromal cells of female MGs in a dosedependent manner. However, expression of PR was reduced in epithelial and stromal cells by a high dose of NP ( Fig. 3 ). Because different types of cell express PR, more study is required to identify the inhibition of PR expression by NP in the MG. The ATR-exposed MGs showed obvious poor epithelial elongation and differentiation into lobules throughout the experimental period (Fig.  2) . Although it is not known whether ATR is directly responsible for the altered growth of the pup gland early in life, Rayner et al. [19] suggested that prenatal exposure to ATR can decrease aromatase and epidermal growth factor receptor EGFR expression in the MG of female offspring rats. It has also been reported that aromatase activity by estrogen in breast and stromal EGFR is required to induce ductal growth and branching morphogenesis [53] [54] [55] [56] [57] . The increase in the ER or PR expression levels in the gland might simply be a reflection of the percentage of terminal end buds observed in the less differentiated ATR-exposed glands. It is possible to increase the incidence of mammary tumors when TEBs distributed in MGs exposed to ATR in late pregnancy are exposed to a carcinogen postnatally. Moreover, such a decrease in differentiation appears to correlate with impaired MG development.
Although estrogen and progesterone have profound effects on MG development, thyroid hormones have been found to play a direct role in growth and differentiation of the MG in rodent models [58] [59] [60] [61] . This effect is attributed, in part, to the induction of increased sensitivity of the tissues to estradiol and prolactin by modulating the number and affinity characteristics of their respective receptors [59] . Hypothyroidism in mice is associated w ith delayed lobuloalveolar development and a greater degree of postlactational involution of the MG. Although the serum TSH level in female offspring exposed to NP was unchanged, the decrease in the pituitary TSH level might be due to the increase in serum thyroid hormone. This study suggests that the thyroid hormone may partially promote growth and differentiation of the female MG in utero-exposed to NP.
The uterine weights on PND 41 were significantly higher in the female offspring exposed to a high dose of NP compared with the controls ( Table 2 ). This result is consistent with reports showing that NP at 650 ppm (calculated dose range, 30-100 mg/kg) increased the weight of the uterus/vagina of F1 females in a rat multigeneration study [12, 31] .
In summary, the females exposed to NP in late pregnancy showed similar uterotrophic responses to estradiol in the reproductive organs and promotions of normal differentiation in the MG. On the other hand, the ATR-exposed females showed less differentiation and were more susceptible to lobules in the MG throughout mammary development.
